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The effect of the electrospray ionization (ESI) needle voltage on the electroosmotic flow (EOF)
in capillary electrophoresis (CE)-mass spectrometry (MS) was investigated. The radial electric
field that penetrates across the CE capillary wall imposed by the ESI needle voltage modifies
the typical EOF. This effect was investigated for buffers commonly used in CE-MS. Variations
as high as 630% were observed. (J Am Soc Mass Spectrom 1999, 10, 261–264) © 1999
American Society for Mass Spectrometry
Capillary-electrophoresis (CE) is most often inter-faced to mass spectrometry with the aid of anelectrospray ionization (ESI) source. The liquid
sheath ESI source, first introduced by Smith et al. [1],
has become the most popular choice, because it can
most easily accommodate the high concentration buffer
systems typically used as eluents in CE, and can tolerate
both high and low electroosmotic flow (EOF) rates as
well. In a typical liquid sheath ESI configuration, the CE
capillary is inserted in a stainless steel needle with an
inner diameter which closely matches the outer diame-
ter of the fused silica capillary. The ESI voltage is
applied to this metal needle. A liquid sheath, usually a
mixture of CH3OH/H2O/CH3COOH, is supplied
through the needle around the last section of the CE
capillary. The liquid sheath, as is well known, serves
two main purposes: (1) it provides electrical contact at
the CE capillary terminus, and (2) it dilutes the CE
background electrolyte, making it electrosprayable.
When a liquid sheath ESI source is used to couple CE
to mass spectrometry, variation in migration time and
loss of separation efficiency are sometimes experienced.
Increased migration time (compared to UV detection)
can simply be a result of the extra column length
necessary to allow the interfacing of the two techniques
[2]. However, there are several other factors that may
interfere with, and alter the separation efficiency and
migration times as well, such as moving ionic bound-
aries [3], buffer depletion (towards the end of the CE
capillary) in a hot ESI source [4], penetration of the
liquid sheath by diffusion into the CE capillary, elec-
trode reaction at the ESI needle which may result in pH
modification [5], and suction effects induced by the
sheath gas flow used in addition to the liquid sheath
flow [6]. Additionally, the separation efficiency may
also be compromised by the data acquisition speed, the
response time of the mass spectrometer, the liquid
sheath flow rate, and the relative positioning of the CE
capillary and the ESI needle.
This paper focuses on an additional factor which
alters the EOF in a CE capillary which terminates in a
liquid sheath ESI source: a radial electric field which
penetrates across the fused silica capillary wall. This
effect was studied by several authors [7–13] by applying
a conductive coating of Nafion or silver paint on the
outside wall of the CE capillary, or by inserting the CE
capillary in a metal sheath. These studies demonstrated
that the z potential at the aqueous/inner capillary
surface (potential drop across the diffuse layer) could be
modified by an externally applied radial field, and
consequently could result in changes (increase, de-
crease, or even reversal) in the EOF which is propor-
tional to z. The z potential is determined by the total
silica surface charge density, and the eluent solution
properties (buffer pH, composition and concentration;
presence of surface active reagents; and temperature).
The total surface charge density on the silica inner wall
is a result of two components; one component arises
from ionization of surface silanol groups, and the other
is a result of capacitive charging of the quartz capillary
in the presence of a radial electric field. It was assumed
that the charges which result from ionization of the
silanol groups and electrostatic charges are additive,
and that there is no interaction between the two effects.
The variation in EOF as a function of radial voltage was
described theoretically by an inverse hyperbolic sine
function [11], or cosine function [8], and the relationship
between buffer pH, radial voltage, and EOF was deter-
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mined as well [12]. In this study, we demonstrate that
the voltage applied to a metal needle sheath at the
terminus of the CE capillary, which simulates the
presence of an ESI needle, can affect considerably the
EOF, even if the length of this needle is very short
compared to the overall length of the CE capillary. This
study was performed using buffer systems that are
appropriate for CE-MS interfacing.
Experimental
Reagents
Standard solutions were prepared in HPLC grade sol-
vents. Acetonitrile and water were purchased from
Mallinckrodt (Chesterfield, MO). Ammonium acetate
(99.999%) was purchased from Aldrich (Milwaukee,
WI), and anhydrous citric acid (99.5%), ammonium
hydroxide (28%–30% ammonia), and glacial acetic acid
were obtained from EM Science (Gibbstown, NJ). Flu-
razepam, medazepam, and diazepam were purchased
from Restek (Bellefonte, PA) as 1 mg mL21 solutions.
Instrumentation
A Crystal CE 300 system (Thermo Bioanalysis, Franklin,
MA) and an Applied Biosystems (Foster City, CA)
Model 785A UV absorption detector were utilized for
the CE experiments. The cathode end of the fused silica
CE capillary was inserted into the outlet buffer vial
through a 3-in long, 26 gauge stainless steel needle
(Hamilton, Reno, NV), which mimicked the configura-
tion of an ESI needle. A 2-in length of this needle, with
the inserted CE capillary, was placed in the buffer
solution. The polyimide coating from the CE capillary
exterior wall was not removed. For normal CE opera-
tion, the original outlet electrode (cathode) of the instru-
ment (which is a platinum wire placed parallel to the
CE capillary in the outlet buffer vial) is grounded, the
stainless steel needle surrounding the CE capillary is
floated, and 125 kV is applied to the inlet electrode. In
order to study the effect of a radial field on the EOF
through the CE capillary, the original platinum outlet
electrode of the CE system was electrically discon-
nected, and the cathodic voltage was applied to the
metal needle which surrounded the CE capillary. The
anodic voltage, applied at the inlet of the CE capillary,
was modified accordingly (increased/decreased), when
a positive/negative voltage was applied to the outlet
metal needle electrode, to provide a constant voltage
drop along the CE capillary of 125 kV.
Separations were performed using an 84 cm 3 50
mm i.d. (200 mm o.d.) uncoated fused silica capillary
(Polymicro Technologies, Phoenix, AZ). UV detection
occurred at 210 nm after 70 cm from the inlet end of the
capillary. The capillary was not rinsed with KOH (1 M)
solution, because it was shown [11] that for KOH
treated capillaries, in which the ionized silanol groups
on the etched inner silica surface greatly exceeded the
charge induced by the radial field, the radial voltage
had no measurable effect on EOF.
Results and Discussion
Four buffer systems were considered. The first was an
acidified solution of acetonitrile and water (CH3CN/
H2O/CH3COOH, 50:50:0.3, v/v), a buffer which we
found to be very useful for certain CE separations [14].
Acetonitrile helps to speed up a separation because of
its low viscosity, which results in lower interaction of
the analytes with the capillary wall and, consequently,
improved peak shapes and better resolution of small
molecules [15, 16]. The measured EOF in this system
was 208 nL min21. Three replicate measurements were
performed for each data point. Relative standard devi-
ation values ranged between 0.2% and 0.5%. Dimethyl
sulfoxide (DMSO) in methanol was used as a neutral
marker for EOF determination. When the CE outlet
electrode was disconnected and an outlet voltage was
applied to the stainless steel needle, the magnitude of
the EOF changed (Figure 1). When a negative voltage
was applied to the needle, the EOF dropped; when a
positive voltage was applied, the EOF increased. Volt-
ages to the metal needle were applied in a range which
is typical of liquid sheath ESI experiments. Maximum
variations of 17% were observed. After all determina-
tions were performed, the original EOF (with the outlet
CE electrode grounded) was measured again, and the
original 208 nL min21 value was obtained.
A separation of three benzodiazepins under normal
CE conditions, and with 15 kV applied to the outlet
needle, is given in Figure 2. In the presence of 15 kV
applied to the outlet needle, the elution times of the
components were reduced by 12%, the efficiency
Figure 1. Effect of needle voltage on EOF. Conditions: 84 cm 3
50 mm i.d. fused silica capillary, 25 kV, DMSO marker, 210 nm at
68 cm, 10 mbar 3 0.1 min injection. Filled diamond: CH3CN/
H2O/CH3COOH (50:50:0.3, v/v); filled square: ammonium ci-
trate, 25 mM (pH 3).
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dropped by approximately 30%, and consequently the
resolution was reduced as well. The baseline was more
unstable in the presence of high outlet voltage. Even if
the quality of the present separation was not signifi-
cantly altered in this experiment, the separation of a
more complex sample, or of closely eluting peaks,
would have been deteriorated by the presence of the
exterior voltage.
This study was extended to other buffer systems
frequently employed in CE-MS. An ammonium acetate
buffer (25 mM) at pH 6.4 and 4.2, and an ammonium
citrate buffer (25 mM) at pH 3 were considered. The
overall EOF variations for 65 kV applied to the metal
needle are summarized in Table 1. The EOF decreased
progressively towards lower pH values, whereas the
effect of needle voltage increased simultaneously. At
low pH values, the ionization of silanol groups on the
inner surface significantly decreases, whereas the frac-
tion of charges induced by the radially applied voltage
increases relative to the ionized silanol groups. Conse-
quently, some control of the EOF is possible with the
radially applied field. For our experimental parameters
(capillary i.d., o.d., and buffer pH), a relatively linear
relationship between the EOF and the voltage applied
to the metal needle sheath was found. The magnitude of
the EOF alteration is, however, significantly lower than
in previously reported studies, because in our case only
a small portion of the capillary (;6%) was enclosed in
the metal needle (sheath), whereas in the previously
reported experiments, almost the entire length of the CE
capillary was either enclosed in a sheath, or surface
coated with conductive materials. Also, the magnitude
of the voltage applied to the metal needle was signifi-
cantly smaller in our investigation. Even under these
conditions, a remarkable effect of 631% variation in the
EOF was observed using the citrate buffer at pH 3 (see
Figure 1). In one previous report [13], however, in
which only 4% of the capillary was covered with silver
paint and the EOF was altered in a similar manner, it
was shown that surface conductance along the inner
surface of the CE capillary resulted in spreading of the
double layer potential induced by the external field to
sections of the capillary which were not directly con-
trolled by the external field.
An important aspect of our experiment which differ-
entiates it from those performed by other authors is that
the outer sheath buffer was not isolated from the inner
buffer, or in other words, the applied radial field
interfered with the axial field, and also was not constant
along the needle length. For clarity, the setup, and the
voltage distributions at the capillary terminus, inside,
and outside the CE capillary, are summarized in Figure
3. Approximately 5 cm from the capillary end was
inserted into the outlet buffer solution through the
metal needle sheath. Assuming that a linear potential
gradient exists inside the CE capillary, the potential
inside the fused silica capillary tubing at 5 cm away
from the capillary terminus (for 25 kV total voltage
drop along an 84 cm long capillary) will always be Vi 5
Vo 1 25000 3 (5/84), or Vi 5 Vo 1 1488 (where Vi
is the potential inside the capillary, and Vo is the
potential outside the capillary, applied to the metal
needle), i.e., the potential at this point will be more
positive by 1488 V than at the terminus. A constant
radial potential gradient will develop from Vr 5 0 at
Figure 2. Electropherograms illustrating the separation of three
benzodiazepins in the absence and presence of a radial field.
Conditions: 84 cm 3 50 mm i.d. fused silica capillary, CH3CN/
H2O/CH3COOH (50:50:0.3, v/v) eluent, 25 kV, 254 nm, 30
mbar 3 0.2 min injection; (A) CE outlet electrode grounded; (B)
CE outlet electrode disconnected, and 15 kV applied to the
stainless steel needle. Peak identifications: (1) medazepam, (2)
flurazepam, (3) diazepam.
Table 1. EOF variations with needle voltage
Buffer EOF (nL min21) EOF15 kV (nL min
21) EOF25 kV (nL min
21)
CH3CN/H2O/CH3COOH 50:50:0.3 (50 mM) 208 232 (112%) 173 (217%)
Ammonium acetate, 25 mM (pH 6.4) 121 126 (14%) 114 (26%)
Ammonium acetate, 25 mM (pH 4.2) 76 89 (117%) 64 (216%)
Ammonium citrate, 25 mM (pH 3) 67 88 (131%) 49 (227%)
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the capillary terminus to Vr 5 21488 V after 5 cm of
capillary length, no matter what values the outside
potential (Vo) takes (where Vr is the radial potential
across the capillary wall, Vr 5 Vo 2 Vi). However, the
absolute individual voltage values towards the termi-
nus, Vi and Vo, are found either in a positive or negative
domain. The EOF increased for positive voltage values
applied to the metal needle, whereas the EOF decreased
for negative voltage values. When the metal sheath was
grounded, a slightly decreased EOF in comparison with
normal CE operation was observed.
In the studies performed by Lee [7–10] and Ewing
[11–13], for progressively more negative radial poten-
tials (more negative outer potential relative to inner
potential), the EOF increased as a consequence of en-
hanced surface charge density on the fused silica wall
because of capacitive charging effects. In our case, the
outer potential was always more negative than the
inner potential (whether positive or negative), and the
radial potential gradient was always in the negative
domain from 0 to 21488, and was the same in each
experiment. According to the radial field theory, the
EOF should have increased whether positive or nega-
tive voltage was applied to the outer metal needle.
However, because this was not the case, an additional
mechanism must act at the CE capillary terminus which
overrides the effect of the radial field, and might even
be the major responsible factor for variations in the
EOF. The fused silica wall surface charge density ap-
parently increased when a positive voltage was applied
to the metal needle, and resulted in increased EOF,
whereas vice-versa occurred when a negative voltage
was applied to the metal needle. We do not presently
have a full explanation for this phenomenon. We could
speculate that a weaker/stronger adsorption of posi-
tively charged ions in the compact layer near the fused
silica wall would result in a larger/smaller apparent z
potential, and consequently increased/decreased EOF.
However, in order to be able to correctly interpret these
results, additional experimental investigations are re-
quired.
These experimental findings demonstrate that inter-
facing CE with mass spectrometry using a liquid sheath
ESI source will have an effect on the original CE
separation if any EOF is present. The liquid sheath ESI
source alone, i.e., the sole presence of a biased metal
sheath needle, will alter the original EOF, and will
speed up or slow down the elution of analytes. Depend-
ing on the buffer system and pH, these effects can reach
significant magnitudes, especially at low pH values. At
pH values higher than eight, the effect is negligible.
This effect could be exploited to produce faster separa-
tions, and if the experimental parameters are appropri-
ate, the separation of positively charged ions could
eventually be improved by reducing adsorption on the
fused silica surface wall by modification of the z poten-
tial [9]. However, even if additional band broadening
and dispersion induced by the external EOF control was
not observed [10, 12], reversed experimental parameters
could induce increased adsorption of analytes on the
silica inner wall, and result in worsened peak shapes
and separation efficiencies. Additionally, because the
liquid sheath composition is different from the CE
buffer composition, as we noted earlier, alteration of the
original migration times and efficiencies will be even
more disturbed. These factors must all be considered in
CE-MS optimization work, and must be properly bal-
anced in order to achieve the best possible performance.
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